Upon stopping metabolic processes, some tardigrades can undergo anhydrobiosis. Secretory abundant heat-soluble (SAHS) proteins have been reported as candidates for anhydrobiosis-related proteins in tardigrades, which seem to protect extracellular components and/or secretory organelles. We determined structures of a SAHS protein from Ramazzottius varieornatus (RvSAHS1), which is one of the toughest tardigrades. RvSAHS1 shows a b-barrel structure similar to fatty acid-binding proteins (FABPs), in which hydrophilic residues form peculiar hydrogen bond networks, which would provide RvSAHS1 with better tolerance against dehydration. We identified two putative ligandbinding sites: one that superimposes on those of some FABPs and the other, unique to and conserved in SAHS proteins. These results indicate that SAHS proteins constitute a new FABP family.
Tardigrades are microscopic multicellular organisms with four pairs of legs. Found in almost all environments on the Earth, all tardigrades including those living on shore require surrounding water for feeding, growth, and reproduction. Water is, needless to say, essential for organisms; however, some tardigrades as well as several species of arthropods, nematodes and rotifers can retain their lives under extremely desiccated conditions through transition to a state called anhydrobiosis in which metabolic processes are stopped [1, 2] . While arthropods such as insects and crustaceans can undergo anhydrobiosis at certain stages of life such as eggs and larvae, anhydrobiotic tardigrades can do at any stages of development [3, 4] . In preparation for anhydrobiosis, the body of tardigrades gradually shrinks to a state called 'tun' [5, 6] .
The tun shows tolerances to high (151°C) [7] or low (À273°C) [8] temperature, exposure to c-rays or Xrays [9, 10] , ultraviolet irradiation [11] , vacuum [12, 13] , high pressure (up to 7.5 GPa) [14, 15] , and toxic chemicals such as alcohols and acetonitrile [4, 16] . Moreover, two tardigrades Richtersius coronifer and Milnesium tardigradum in dehydrated states can survive in space (low Earth orbit) for 10 days [17] . Anhydrobiotic tardigrades therefore have a potential as model animals for studies on long-term preservation of organs and astrobiology [18] .
However, the detailed molecular basis of tardigrade anhydrobiosis has been ambiguous. Although accumulation of trehalose, which is thought to protect biomolecules, is related to anhydrobiosis in anhydrobiotic arthropods and nematodes, dehydrated tardigrades contain low or no trehalose, indicating that other biomolecules play an important role [19, 20] . One of the possible candidates is heat-soluble proteins like late embryogenesis abundant (LEA) proteins, which is found in several organisms and prevents other proteins from aggregating under dehydrated conditions [21, 22] . To find such proteins, Yamaguchi et al. [23] and Tanaka et al. [24] took molecular biological approaches using a tardigrade Ramazzottius varieornatus, which can enter anhydrobiosis in a shorter time than other tardigrades such as Hypsibius dujardini [18, 25] . Consequently, four new heat-soluble protein families named secretory abundant heat-soluble (SAHS) proteins, cytoplasmic abundant heat-soluble (CAHS) proteins, mitochondrial abundant heat-soluble (MAHS) proteins, and RvLEAM were discovered. While RvLEAM is categorized as a group 3 LEA protein, the other three proteins have not been found in phyla other than Tardigrada and are conserved among tardigrades. Although MAHS proteins and RvLEAM are known to improve the hyperosmotic tolerance of human cultured cells [24] , little is known about the functions of SAHS and CAHS proteins. CAHS proteins localize in the cytoplasm and nucleus when they are expressed in human cells and hence may contribute to protection of them [23] . In contrast, SAHS proteins have secretory signal sequences and one of SAHS proteins from R. varieornatus (RvSAHS1) is mainly secreted into the culture medium when it is expressed in human cells [23] . Therefore, SAHS proteins are thought to protect extracellular components and/or secretory organelles. Furthermore, SAHS proteins are shown to be essential for desiccation survival of Hd [26] . Spectroscopic and the FoldIndex program [27] analyses suggest that CAHS proteins are intrinsically disordered in hydrated conditions [23, 26] and transform into an a-helical state in dehydrated conditions as LEA proteins [23] . Although the FoldIndex program also predicts that SAHS proteins are intrinsically unstructured, a homology search using a protein database shows that SAHS proteins have low similarity with fatty acid-binding proteins (FABPs), which have b-barrel architectures. Circular dichroism (CD) spectroscopy reveals that RvSAHS1 is b-rich in hydrated conditions, while it becomes to more a-helical under dehydrated conditions [23] as is observed in FABP1 [28] . Capturing insoluble organic compounds such as long-chain fatty acids (FAs), FABPs function in transport, storage and protection of them [29, 30] . Although SAHS proteins seem to belong to a FABPrelated protein family, lack of structural information on SAHS proteins hinders our understanding of their functions. Here, we report high-resolution atomic structures of RvSAHS1, which suggest that SAHS proteins constitute a new family of FABPs.
Methods

Sequence alignment
Amino acid sequence alignment was performed by CLUSTAL OMEGA [31] . Sequences of RvSAHS1 strain YOKOZUNA-1 were obtained from the DNA Data Bank of Japan (DDBJ) [32] . As for SAHS homologs from Hd, we used sequences assembled by Yamaguchi et al. [23] using NCBI databases.
Figures of alignment and sequence logos were generated by ESPRIPT (http://espript.ibcp.fr) [33] and WEBLOGO (http:// weblogo.berkeley.edu) [34] , respectively.
Protein expression and purification
A codon-optimized synthetic gene of RvSAHS1 (RvSAHS1 ), which did not contain a signal peptide and intrinsically disordered regions, was purchased from Eurofins Genomics and subcloned into the pET-28a(+) vector (Novagen, Darmstadt, Germany). At the same time, the coding sequences of 6 9 His tag and TEV protease site (H 6 -ENLYFQS) were fused at the N termini of the RvSAHS1 sequences. The full DNA sequence is shown in Supporting Information. Therefore, purified samples contained an extra serine residue (S30) at their N termini. The resulting plasmids were used to transform Escherichia coli strain BL21(DE3), which was cultivated in Lulia broth supplemented with 50 lgÁmL À1 kanamycin at 37°C to an optical density at 600 nm of 0. for data collection were grown by the hanging drop vapor diffusion method at 4°C to obtain relatively large crystals: the reservoir solution of 400 lL was poured into 0.5 mL sample cups (Sanplatec, Osaka, Japan), and 1.0 lL protein solution was mixed with 1.0 lL reservoir solution on siliconized cover glass plates. Before crystals were frozen by liquid nitrogen, they were soaked in the crystallization solution supplemented by 20% v/v ethylene glycol (EDO).
To prepare a bromide-soaked sample (SAHS1 Br ), a SAHS1 mono crystal was soaked in the crystallization solution supplemented with 20% v/v EDO and 1 M sodium bromide for 3 min and frozen by liquid nitrogen.
Data collection, processing, structure solution and refinement X-ray diffraction experiments were performed on the BL44XU beamline of SPring-8, Hyogo, Japan, at cryogenic temperature (100 K) using a charge-coupled device (CCD) detector MX300-HE (Rayonix, Evanston, IL, USA). Because low-angle diffraction spots easily saturated, highand low-resolution datasets were separately collected for the SAHS1 mono data. The datasets were processed using HKL2000 [35] . The phases of the SAHS1 Br data were determined from single anomalous diffraction (SAD) of Br and Zn (see also Supplementary Methods and Fig. S1 ). The AUTOSOL wizard [36] including HYSS [37] , PHASER [38] , and RESOLVE [39, 40] from the PHENIX suite [41] was utilized. After preliminary model building by RESOLVE, manual model building was performed using Coot [42] . The program REFMAC5 [43] implemented in the CCP4 suite [44] and the program phenix.refine [41] were used for structural refinement. The resulting model was used to perform molecular replacement using Phaser for the SAHS1 mono and SAHS1 di data. The program Refmac5 and the program phenix.refine were used for structural refinement of SAHS1 mono and SAHS1 di data. Occupancy refinement was performed by the program phenix.refine. Anisotropic parameters were introduced for refinement of the SAHS1 mono data because of its high resolution. The final models were checked for stereochemical quality using MolProbity [45] . Data collection and processing statistics are summarized in Table 1 .
Results
Overall structure
The size-exclusion chromatogram ( Fig. 1) showed two peaks presumably corresponding to the monomers (SAHS1 mono ) and dimers (SAHS1 di ), and we separately obtained SAHS1 mono and SAHS di crystals. Furthermore, a bromide-soaked SAHS1 mono crystal (SAHS1 Br ) was used for phase determination. All three crystals belonged to space group P2 1 2 1 2 1 with unit cell parameters a~54, b~58, and c~111 A. Matthews coefficients of our crystals were~2.5 and the solvent content were about 50%. The asymmetric units contained two RvSAHS1 molecules. The SAHS1 mono and SAHS1 di structures were determined by molecular replacement using the SAHS1 Br structure as a search model and refined at 1.45 and 1.80
A resolution, respectively. The final R work and R free values for the SAHS1 mono data were 14.5% and 17.2%, respectively. The final R work and R free values for the SAHS1 di data were 18.6% and 23.9%, respectively. In this section, we only describe the overall structure of SAHS1 mono , Fig. 1 . Size-exclusion chromatogram and SDS/PAGE for RvSAHS1 31-167 (molecular mass~16.2 kDa). The elution profile of size-exclusion chromatography is shown in a black line. The inset shows the result of SDS/PAGE for the sample of each peak, suggesting that RvSAHS1 underwent oligomerization. M: molecular mass marker; 1: the sample from peak 1 (SAHS1 di ); 2: the sample from peak 2 (SAHS1 mono ).
which had a higher resolution than the SAHS1 di data, because SAHS1 mono and SAHS1 di showed no significant structural differences.
Although the amino acid sequence of RvSAHS1 has low identity (up to~30%) to solved FABPs (Fig. S2A) , the overall structure of RvSAHS1 shared a typical FABP framework: an antiparallel b-barrel composed of 10 b-strands, and a helix-turn-helix insertion between bA and bB ( Fig. 2A) . Because main chain atoms could not form hydrogen bonds, there was a gap between bD and bE as is observed in known FABPs (Figs 2A, S2B ). The structure of RvSAHS1 was well superimposed on other FABPs. However, comparison between RvSAHS1 and other FABPs revealed some differences, that is, the second a-helix (aII) in RvSAHS1 was shorter than those found in other FABPs and two 3 10 helices were located between bC and bD, and bF and bH (Figs 2A, S2B) . Furthermore, the loop region between bE and bF opened outward to form a b-turn, while those of other FABPs extend to the center of the barrel.
The helix-turn-helix lid interacted with bH, bI, and bJ through hydrophobic interactions between F53, L57, I137, and V154 (Fig. 2B) . The aromatic ring of F53 and the C b atom of Y152 could form a CH-p interaction. Besides, F50 could form T-shaped p-p 10 I helix in molecule A of the asymmetric unit, two residues were too far from each other to form it in molecule B. While electron density of K90 on the 3 10 I helix in molecule B was obscure, in molecule A it was clearly observed and it was assigned as stable alternative conformers of K90, one of which formed a hydrogen bond with the carbonyl O atom of Q63. B-factor values of C a atoms showed that the 3 10 I helix in molecule A was stabilized by hydrogen bonds described above compared to that in molecule B (Fig. S3) . Instead, electron density of H106 in molecule B was clearer than that in molecule A and showed that the N e atom of H106 could form a hydrogen bond with the O g atom of Y64 on the aII helix. Furthermore, R133 on 3 10 II in molecule B interacted with the carbonyl O atom of L57 via a water molecule. B-factor values of C a atoms showed that the aI helix and the loop connecting aI and aII in molecule B was stabilized by hydrogen bonds compared to that in molecule A (Fig. S3) . Similar trends were also observed in the SAHS1 di structure (Fig. S3) .
Inside of the b-barrel
Residues found in the b-barrel were unique to RvSAHS1 compared to the known FABPs. There were bulky and hydrophilic residues having hydrogen bond networks (Fig. 3) , while smaller and/or hydrophilic residues are positioned in other FABPs. Y117 on bF, which was located near the bottom of the b-barrel cavity, formed a hydrogen bond with H83 on bC, which interacted with H72 on bB through a normal hydrogen bond and Y141 on bH through a CH-O weak hydrogen bond. There was Y152 on bI, which formed a hydrogen bond with R161 on bJ. As described above, R161 was connected with N67 and the main chain carbonyl O atom of H68 located on the end of the helix-turn-helix lid.
Electron density of an unknown atom was observed in the b-barrel during refinement for both SAHS1 mono and SAHS1 di data. This atom was too close to the O g atom of Y163 (1.9 AE 0.1 A) and the N e atom of H72 (2.1 AE 0.1 A) to form hydrogen bonds but too far from them to form covalent bonds. Moreover, no significant anomalous peaks were observed around this atom. Therefore, it was reasonable to assume that the unknown atom was a light metal ion. We assigned it as Mg (Fig. 3B ) because highly concentrated (150 mM) MgCl 2 existed in the crystallization solution. In the SAHS di structure, long and thin electron density was found on the Mg ion in molecule A and triangle shaped one was observed at the corresponding position in molecule B. We tentatively assigned the former and the latter as a heptanoic acid (HA) molecule and an acetate (ACE) ion with full occupancy (Fig. 3B) , respectively, because recombinant FABPs expressed in E. coli are known to bind to endogenous FAs that have a carboxyl group and such FABP samples can crystallize without the loss of FA molecules [46, 47] . Although they just fit HA and ACE, it was possible that they were parts of longer FAs, tails of which were flexible and not observable in our X-ray crystallographic data. We will identify these molecules in a future study. In addition to coordination bonds with Mg, the carboxyl heads of HA and ACE were stabilized by hydrogen bonds with K150, Y152, and R161. Figure 4 shows superimposition of the RvSAHS1 di structure on ligand-bound structures of human FABPs that have tyrosine and arginine conserved at FA-binding sites. Y163 and R161 of RvSAHS1 were positioned at the same sites and conserved among SAHS proteins. R161 showed a conformer distinct from that of conserved arginine in other FABPs because of the hydrogen bonds with N67 and H68, which are not formed in other FABPs. There was Y141 in RvSAHS1 at the position where human FABPs have another arginine to stabilize a negative charge of a carboxyl group of FA. Instead, two basic residues, H72 and K150, were located near the HA/ACE-binding site of RvSAHS1. The sites of H72, K150, and Y152 are occupied by smaller and hydrophilic residues in human FABPs.
Electron density above the Mg ion was also found in the SAHS1 mono structure. However, both molecule A and B showed triangle-shaped electron density that could accommodate ACE with full occupancy. A significant difference between the SAHS1 mono and SAHS1 di structures was that another triangle-shaped electron density was observed above Y141 in molecule B of the SAHS1 mono structure (Fig. 5A) . We could also assign ACE with 0.96 occupancies to it. The second ACE molecule interacted with Y117, D139, Y141, and K150 through hydrogen bonds. Y117, Y141, and K150 were conserved among SAHS proteins (Fig. 5B) . Furthermore, almost all SAHS proteins have similar residues (aspartate, asparagine, or glutamate) at the position of D139 of RvSAHS1, and H83 near the second ACE-binding site was conserved in many of the known SAHS proteins (Fig. 5B) .
Discussion
RvSAHS1 is known to be b-strand rich in hydrated conditions, but changes to a more a-helical state when dehydrated conditions are produced by the desolvating compound trifluoroethanol (TFE), and more than 50% TFE is needed for the structural transition [23] . A similar phenomenon occurs in FABP1 exposed to 50% TFE [28] ; however, a crystal structure of apo-FABP1 with solvent content of 45.4% [48] and solution structures of it determined by NMR [49, 50] show no significant changes in secondary structures. Our crystals showed Matthews coefficients of~2.5 and solvent content of about 50%; therefore, it is reasonable to assume that our data represent structures under hydrated conditions although we have to determine solution structures of RvSAHS1 with and without highly concentrated TFE to confirm our assumption and to know which regions are involved in the b-to-a transformation.
One of the most significant structural differences between RvSAHS1 and other FABPs is short aII (Fig. 2A) . This unique structure is probably due to the presence of one proline in front of it and two glycine residues behind it, which have low a-helix propensities [51] (Fig. S2A) . The helix-turn-helix structure, the bCbD loop, and the bE-bF loop of FABPs compose a portal region, which is hypothesized to contribute to structural mobility and play an important role in FA transfer to and from the membrane [29, [52] [53] [54] [55] . B-factor values of RvSAHS1 structures also showed flexibility of aII, the bC-bD loop, and the bE-bF loop (Fig. S3) . Moreover, Y64 on aII and H108 on the bEbF loop can form a hydrogen bond at a certain moment. These findings suggest that the cooperated movements of the helix-turn-helix lid, the bC-bD loop, and the bC-bD loop are involved in ligand transfer by RvSAHS1. The FA transfer by a large number of FABPs occurs through a collisional mechanism [54, 56, 57] , while a diffusion-mediated mechanism is utilized by FABP1 [28] . The portal region directly interacts with membrane through basic lysine residues in the collisional mechanism [58] [59] [60] , and collisional transfer of FAs does not occur without the a-helical structure [54] . An earlier study demonstrated that RvSAHS1 is not accumulated around the plasma membranes and this protein is thought to have low affinity to membrane [23] . Short aII and the absence of basic residues on the helix-turn-helix structure presumably make RvSAHS1 difficult to associate with membrane and hence RvSAHS1 may adopt the diffusion mechanism in ligand transfer like FABP1. Another characteristic of RvSAHS1 is a set of hydrophilic bulky residues near the bottom of the b-barrel (Fig. 3) . These residues formed a hydrogen bond network and tightened the interactions among b-strands, which may contribute to heat solubility of RvSAHS1. This network seems to be maintained regardless of the presence of water molecules. Compared to hydrophobic interactions driven by aquatic environments, the hydrogen bond network without water molecules makes a bigger contribution to preserving the protein framework in dehydrated environments.
Several FABPs such as FABP4, FABP5, and FABP7 conserve tyrosine and arginine at the ligand binding site (LBS) [61] [62] [63] . The side chains of these residues can directly form hydrogen bonds with a carboxyl O atom of a FA molecule. Y163 and R161 in RvSAHS1 can be involved in ligand binding because they were superimposed on conserved tyrosine and arginine in FABPs (Fig. 4) . In fact, electron densities that could be interpreted as a HA molecule were observed near these residues in the SAHS1 di structure (Fig. 3B) . We named this site as LBS1. Figure 4 shows that the modeled HA molecule occupied a space similar to those occupied by FAs in other FABPs. However, the flow of the alkyl chain of HA in RvSAHS1 was different from those of FAs in other FABPs because bulky Y152, where smaller residues are located in other FABPs, confined possible conformers of HA. The difference of the binding mode of a ligand molecule in RvSAHS1 could also derive from the presence of a metal ion coordinated by H72 and Y163. Because 150 mM MgCl 2 was needed for crystallization of RvSAHS1, a structure of RvSAHS1 without the metal ion at the putative LBS could not be determined. Therefore, whether the metal ion plays a role in ligand binding is not known from our present data. At the position of Y141 in RvSAHS1, there is an arginine in known FABPs to stabilize a negatively charged carboxyl group of FA [61] [62] [63] . Instead of this arginine, H72 and K150 surrounding LBS1 in RvSAHS1 can stabilize negatively charged molecules (Fig. 4) . The tube-like electron density of HA only observed in the SAHS di structure implies that dimerization may couple with FA binding, although there were no significant structural differences between the SAHS di and SAHS mono structures. Moreover, because of low electron density around the portal region, detailed discussion on structural differences between HA-bound molecule A and ACE-bound molecule B of the SAHS di structure was difficult.
It is noteworthy that K150 located between two ACE molecules observed in the SAHS1 mono structure formed hydrogen bonds with both of them and was conserved among SAHS proteins (Fig. 5A) . Considering that residues around K150 (H83, Y117, Y141) were also conserved (Fig. 5B ), SAHS proteins with some exceptions, such as RvSAHS4, HdSAHS-e, and HdSAHS-f, were thought to have two LBSs. We named the second putative binding site as LBS2. RvSAHS4 seems to only have LBS1, while HdSAHS-e and HdSAHS-f lacked conserved residues both at LBS1 and LBS1. These differences may be related to the types of ligands and functions of SAHS proteins. The presence of two putative LBSs implies that RvSAHS1 can capture two molecules having a carboxyl head or one molecule which has two carboxyl groups such as heme and bilirubin, which are known to bind to FABP1 [64, 65] and a FABP family fluorescence protein UnaG from Anguilla japonica [66] .
Finding a physiological ligand for RvSAHS1 is in progress; however, our structures at least suggest that SAHS proteins are classified as FABPs. A large quantity of SAHS proteins are constantly expressed in anhydrobiotic tardigrades even when they are in active states [23, 26] and comparative metabolomics of Rv reveals that FAs with different lengths, which are thought to be generated by decomposition of lipids, increase on anhydrobiosis [67] . Therefore, a possible function of SAHS proteins is rapid capture of FAs during preparation for anhydrobiosis. Another possible role of SAHS proteins, which is inferred from roles of FABP family proteins like FABP1 and UnaG, is storage of compounds such as heme and bilirubin. Because biomolecules are oxidized by free radicals under desiccation and osmotic stresses, shielding heme not to produce reactive oxygen species and transferring antioxidants such as bilirubin to appropriate locations or protecting them are important in preparation for anhydrobiosis.
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